Objective: To complete a systematic review of emergency department (ED) practices for reducing hemolysis in blood samples sent to the clinical laboratory for testing.
Introduction
When blood samples are hemolyzed they can produce unreliable laboratory results. Hemolysis can produce interference and bias in 39 different laboratory tests [1] . Thus, hemolyzed samples are rejected for coagulation testing [2] and in transfusion medicine for ABO typing and antigen screening [3] . Hemolysis may interfere with bilirubin determination, which, in turn, may affect the accuracy of plasma bilirubin measurements in preventing the occurrence of neonatal kernicterus [4] . Potassium results from hemolyzed samples may falsely indicate or disguise a life-threatening abnormality and lead to inappropriate treatment(s) [5, 6] . Immunoassays based on non-isotopic detection systems can also be affected by hemolysis [7, 8] . When blood samples are hemolyzed, a new clinical sample is often required. It has been recognized that re-collection of hemolyzed blood samples may delay patient care in overcrowded emergency departments (EDs) [9] .
Quality gap: hemolyzed blood samples
Despite these problems, hemolyzed blood samples are frequently received in clinical laboratories, comprising as much as 3.3% of all routine samples and accounting for up to 40%-70% of all unsuitable samples identified -nearly five times higher than other causes, such as insufficient, incorrect, and clotted samples [10] . The American Society for Clinical Pathology established a 2% or lower benchmark for hemolysis rates among laboratory blood samples [9] . Hospital EDs have been identified as a major source of hemolyzed samples. Two studies in hospital EDs found hemolysis rates of more than 30% [11, 12] , while many others observed rates (ranging from 6.8 to 19 .8%) that were considerably higher than the established benchmark [13] [14] [15] [16] [17] . Several studies [16, 12, 17] identified ED hemolysis rates that were significantly elevated compared to other hospital departments.
Practice descriptions
There are a wide variety of standard practices for drawing blood samples in the ED. The practices used are largely dependent upon the personal preference of the ED medical staff conducting the blood draw, taking into consideration the particular patient characteristics and the immediate circumstances. The choices may also be influenced by training and/or position of the medical staff person. Laboratory oversight of the training and competency of the ED blood collection staff varies. Literature citations, practitioners and experts in the field, defined a set of practices associated with drawing blood samples in the ED that could potentially impact the rates of hemolysis. These factors include:
Who? -Phlebotomist vs. ED medical staff: Phlebotomists are specifically trained and practiced in drawing blood using straight needle venipuncture, and are generally not trained in starting IVs. Some nurses and other ED medical staff are trained in and use both methods of blood collection. What? -New straight needle venipuncture vs. IV start: Some ED patients may have IV lines placed. By using these IV starts for collecting blood, many nurses and ED medical staff believe they can both save time and reduce patient discomfort by avoiding a second needle stick [18] . Considerable variety is found in both the IV's and straight needles used for venipuncture in the ED. This review did not distinguish between the types and brands that were used within each method. For example, no distinction was made between regular and butterfly straight needles in the evidence analyses. How? -Use syringe vs. vacuum tube: When drawing blood from an IV start, the rate of hemolysis may be impacted by the level of vacuum applied to the needle. Compared to the fixed pressure of a vacuum tube, syringes allow the ED medical staff collecting blood samples to control the amount of vacuum applied. The use of syringes can either reduce or increase the vacuum applied to the needle by the ED medical staff conducting the draw depending on the patient's situation and difficulty in obtaining blood from the patient [19] . If blood is collected by syringe, blood is transferred to tubes by a wide variety of methods. These methods were not part of the analysis. Where? -Antecubital site vs. more distal site: The antecubital fossa provides a large vein for drawing blood samples, allowing easier access, the use of larger needles, and a lower likelihood of vessel collapse. At more distal vascular sites, veins are smaller. What? -Smaller (> 21 gauge) vs. larger (≤21-gauge) bore needle: The size of the needle may affect hemolysis by impacting the stress and/or turbulence for the red blood cells as they are collected. While emphasis has been on the fluidic shear experienced by cells passing through very small needles, using too large a needle may increase the flow rate too much, causing turbulence within both the needle and the collection tube as blood is collected. How? -If using a vacuum tube, use partial vs. full vacuum tube: Partial vacuum tubes reduce the blood transfer rate relative to full vacuum tubes and thus may reduce hemolysis. Vacuum levels in blood collection tubes are rarely reported unless they are the actual focus of a study. However, according to personal communication with a tube manufacturer's field representative, partial vacuum tubes are being used more commonly. Partial vacuum tubes reduce the blood transfer rate compared to full vacuum tubes. This practice is applicable across all alternative practices, except the practice of using a syringe for blood collection. When? -Tourniquet time: less than 1 min vs. longer: Tourniquets constrict blood vessels and can, themselves, result in hemolysis. It has been recommended that tourniquets not be applied for more than 1 min when collecting blood [20] .
Methods
This evidence review followed the CDC-sponsored Laboratory Medicine Best Practices Initiative's (LMBP) "A-6 Cycle" systematic review methods for evaluating quality improvement practices [21] . This Fig. 1 . Analytic framework -when drawing blood samples for laboratory testing from patients in the ED, what practices are effective in reducing hemolysis rates among these samples? approach is derived from previously validated methods, and is designed to produce transparent systematic review of practice effectiveness to support evidence-based best practice recommendations.
A review team conducts the systematic review and includes a review coordinator and staff trained to apply the LMBP methods. The team is guided by a multi-disciplinary expert panel 1 including at least one LMBP Workgroup 2 member and individuals selected for their diverse perspectives and relevant expertise in the topic area, laboratory management, and evidence review methods. The question addressed by this evidence review is: "When drawing blood samples for laboratory testing from patients in the ED, what practices are effective in reducing hemolysis rates among these samples?" (Fig. 1) . The relevant PICO elements are:
• Population: Patients receiving treatment in hospital-based EDs.
• Interventions: Blood collection practices in the ED hypothesized to be associated with hemolysis rates.
• Comparison: Comparison practices are generally ongoing ED practices, which include various combinations of all the practices being studied.
• Outcome: Hemolysis rates are the outcomes of interest. There are two widely used methods of measuring hemolysis in centrifuged blood samples: direct spectrophotometric readings by instrument (quantitative and objective), and visual comparison of blood samples with a color chart by laboratory personnel (semi-quantitative and subjective). Hemolysis in a blood sample is a continuum, and the level of hemolysis considered significant can vary among institutions. The level at which hemolysis impacts clinical laboratory results varies by the type of test being conducted.
A comprehensive electronic search for literature was conducted with the guidance of a professional librarian from July through October 2011. It included English-language publications (or availability of an English abstract) since 1990.
Search of databases for published, peer reviewed literature as well as gray literature included the NIH maintained PubMed, two professional electronic databases, CINAHL (Cumulative Index to Nursing and Allied Health Literature) and Embase (focusing on international biomedical literature) and VHINL (Virginia Henderson International Nursing Library). The search terms used are included in Appendix C. In addition, hand searches of references in identified publications were also conducted. Finally, a general request for unpublished data that may have been collected by hospital EDs for their own internal surveys was spread through contacts supplied by the LMBP Hemolysis Expert Panel. 1 See Appendix A for the LMBP Hemolysis Expert Panel Members. Each Expert Panel is assembled based on the systematic review topic, and the panel determines best practice definitions, the relevance of outcome measures, and effect size rating categories. The Panel also assesses individual study quality and the overall strength of a practice-specific body of evidence. 2 See Appendix B for the LMBP Workgroup members. The Workgroup consists of 13 invited members, and two ex officio representatives from federal agencies (CMS and FDA); members are clinicians, pathologists, laboratorians, and specialists in systematic evidence reviews. As the recommending body, the Workgroup reviews the Expert Panel's work and determines whether a recommendation can be made to designate "evidence-based best practices." Published studies and unpublished data were screened by at least two independent reviewers to reduce subjectivity and the potential for bias, and all differences were resolved through consensus. Initial screening of titles and abstracts was used to exclude studies from full review if it was clear they did not satisfy the following criteria: 1) address hemolysis; 2) were relevant to the ED; and 3) were related to one of the practices of interest. During full review, studies and data were eliminated if they did not: 1) address hemolysis rates in a hospital ED; 2) evaluate one of the practices of interest for effectiveness; or 3) include sufficient data in an appropriate format to constitute a study. Studies and data that passed full review were abstracted and evaluated for quality and evidence of effectiveness according to LMBP methods [21] .
All abstracted results that received a "good" or "fair" study quality rating had their results converted to risk ratios, which were plotted on common graph for each practice reviewed. A grand mean estimate of the result of the practice was calculated using inverse variance weights and mixed-effects models, 3 a valuable tool for estimating precision and assessing the consistency and patterns of results across studies [22] . The key criteria for including studies in the meta-analyses were sufficient data to calculate an effect size and use of an outcome that is judged similar enough to the other studies being summarized. The grand mean estimate and its confidence interval were considered more accurate representations of the results of a practice than that obtained from individual studies [23] . By convention, all metaanalysis results are presented in tabular forest plots and are generated using Comprehensive Meta-analysis software (v. 2.2.064, Statistical Solutions). For this review, an expert review panel determined that a "substantial" effect is a reduction of hemolysis by 50%, as represented by a risk ratio of 0.5 or less.
Results
A total of 545 non-duplicate bibliographic records were identified, 541 from structured searches and 4 from hand searches. In addition, 22 hospital EDs responded to requests for unpublished data. The source that generated the most submissions of unpublished data for this review was a request disseminated in the newsletter of the Center for Phlebotomy Education, Inc.
The review of all 545 published titles and abstracts ( Fig. 2) eliminated 514 references as off-topic. The remaining 31 published studies were subjected to full text review. 4 Of these, a further 17 studies were excluded for not meeting minimum criteria, and 2 were eliminated during abstraction and quality review. The remaining 12 published studies were included in our analyses. Among the 22 institutions that offered unpublished findings, only 4 had sufficient data on the topics of interest to be included in the analysis. The most common reason for exclusion of unpublished data was the lack of denominator data (total blood draws from which the hemolyzed samples were observed). Thus, a total of 16 studies (12 published and 4 unpublished) contributed data to the review of practices to reduce hemolysis in the ED. 5 Most of the studies reviewed were conducted in general EDs with no specific age limitations, and a number of studies addressed more than one practice of interest. Below we review the meta-analysis results by practice.
Evidence of use of phlebotomists vs. ED medical staff practice effectiveness
No studies were found directly comparing rates of hemolysis among phlebotomists with ED medical staff all using straight needle venipuncture. Therefore, this practice was dropped from further analysis. 3 Mixed effects analysis -a random effects model is used to combine studies within each subgroup. A fixed effect model is used to combine subgroups and yield the overall effect. The study-to-study variance (tau-squared) is NOT assumed to be the same for all subgroups -this value is computed within subgroups and NOT pooled across subgroups. 4 See Appendix D for the list of included and excluded studies. 5 See Appendix E for the Evidence Summary Tables containing quality ratings for each study. Fig. 3 . Meta-analysis results for straight needle venipuncture vs. IV starts. Mixed effects analysis using forest plot representations. In each forest plot the center line labeled '1' equals no difference between practices, and each vertical line represents a 10-fold increase or decrease in hemolysis rates. Estimates to the left of the line favor the tested practice while estimates to the right favor the comparator (or usual practice).
Evidence of straight needle venipuncture vs. IV start practice effectiveness Eleven studies provided evidence for the effectiveness of straight needle venipuncture over IV starts and all results indicated that straight needle venipuncture is associated with a "substantial" reduction in hemolysis rates relative to drawing blood using IV starts. More than half of the studies were judged to be of "good" quality, with the remainder being judged "fair" (Table 1 ). Both "fair" and "good" studies showed similar heterogeneous distributions of results, but the random estimates of the effectiveness of straight needle venipuncture for each quality group are almost identical (Q = 0.004, p = 0.95) (Fig. 3) . Although there is significant variation in the results obtained (Q Overall = 48.32, p = 0.00, I 2 = 79.3), the overall reduction in hemolysis from using straight needle venipuncture is consistently supported by the evidence, significant, and equal to about 84% (RR = 0.16, 95% CI = 0.11-0.24; see Fig. 3 ). Applying the LMBP criteria, the overall strength of evidence for use of straight needle venipuncture for reduction of hemolysis rates is "high".
Evidence of antecubital site vs. distal sites practice effectiveness
Only studies using IV starts were available for this practice comparison. Four studies of blood draws using IV catheters provided evidence on the effectiveness of drawing blood from the antecubital site rather than a more distal site. One of the studies was judged to be of "fair" quality while the remaining studies were rated "good" ( Table 2 ). All four studies were judged by the expert panel to show consistent, "substantial" reductions in hemolysis through the use of antecubital rather than distal sites. Based on these four studies, the overall expected reduction in hemolysis of 55% (RR = 0.45, 95% CI = 0.35-0.57) and the results are homogeneous (Q Overall = 2.20, p = 0.533, I 2 = 0.00) (Fig. 4) . Applying the LMBP criteria, the overall strength of evidence for use of the antecubital site for reduction of hemolysis rates is "high".
Evidence of use of syringe vs. vacuum tubes practice effectiveness
Only studies using IV starts were available for this practice comparison. Three studies were identified testing the reduction in hemolysis achieved by using a syringe rather than a vacuum tube in IV starts to obtain blood samples. Only one of the studies was rated "good" and only one study had a "substantial" effect size rating. The other two studies' effect size ratings were "minimal/none" (Table 3) with effect size risk ratios of close to 1 (Fig. 5) . The meta-analysis results for syringe effectiveness are heterogeneous (Q Overall = 19.29, p = 0.00, I 2 = 89.63), with a reduction in hemolysis from use of a syringe of approximately 3% and not statistically significantly different from no effect versus the comparison practice (RR = 0.97, 95% CI = 0.81-1.17). Applying the LMBP criteria, the effectiveness evidence for the use of syringes to reduce hemolysis in IV starts is "inconsistent", and the overall strength of evidence is "insufficient."
Evidence of use of ≤ 21-gauge (larger) needles practice effectiveness
Most studies of straight needle venipuncture reported a very limited range of needle sizes for analyses (usually either 21 or 22 gauge), therefore only studies using IV starts were available for this practice comparison. Three studies provided evidence about needle size for reducing hemolysis in IV starts. Two studies received "fair" quality ratings because they did not control for needle location. These two studies reported "substantial" reductions in hemolysis when using ≤21 gauge (larger) needles while the single study which was rated "good" reported a "minimal/none" reduction in hemolysis, when the location of venipuncture was controlled (Table 4) . Although the meta-analysis mean risk ratio for ≤21 gauge (larger) needles is substantial (RR = 0.37, 95% CI = 0.27-0.52) and equal to approximately a 63% reduction in hemolysis, the individual study effect size results for needle size are "inconsistent" and heterogeneous (Q Overall = 14.82, p = 0.001, I 2 = 86.50) (Fig. 6 ). Applying the LMBP criteria, the overall strength of evidence for using larger needles to reduce hemolysis rates in ED IV starts is "insufficient."
Evidence for use of low (partial) vacuum tubes practice effectiveness
Only two studies provided evidence on the effectiveness of low (partial) vacuum tube for reducing hemolysis relative to standard (full) vacuum tubes. Both studies' effect sizes were rated "substantial" and one had a quality rating of "fair" while the other was rated "good" ( Table 5 ). The meta-analysis (Fig. 7 ) mean effect size rating for the two studies is equal to a reduction in hemolysis of approximately 89% (RR = 0.11, 95% CI = 0.02-0.52). Although the effect size results from the two studies were "consistent," they are heterogeneous (Q = 4.66, p = 0.03, I2 = 78.54). Applying the LMBP criteria, the overall strength of evidence for using partial vacuum tubes to reduce hemolysis in IV starts is rated "suggestive."
Evidence of tourniquet time: less than 1 min vs. longer effectiveness No studies of tourniquet time and hemolysis were found for the ED setting. Therefore, this practice was withdrawn from further analysis until such time as additional relevant studies are available.
Additional considerations

Feasibility of implementation
Straight needle venipuncture is a common practice and requires no additional training of personnel. When compared to using IV starts for collecting blood samples, there is a modest additional cost and time in placing both an IV and collecting blood from straight needle venipuncture, but this cost is likely mitigated when laboratory staff time to evaluate a hemolyzed sample is added to the burden of soliciting, executing, and evaluating a second draw is taken into consideration.
The antecubital fossa provides a large vein for drawing blood samples, typically with easy access, allows the use of larger needles, and is less likely to collapse. IV placement is often a matter of personal preference and training, and when tolerated by the patient's condition, no barriers to implementation are anticipated.
Implementing use of partial vacuum tubes represents a decision by the laboratory department and requires no change in staff behavior. Use of partial vacuum tubes is likely applicable across all other alternative practices except the use of a syringe, where it directly competes as a method of reducing the applied vacuum.
Potential harms
The recommended practice of using a straight needle for blood draws in the ED frequently requires an additional venipuncture. All venipuncture procedures pose a risk to ED staff of needle stick injury and exposure to infectious or other harmful agents [24] . Venipuncture procedures should always be performed using universal precautions [24] . Patients are also at some small risk for needle site injury when multiple attempts are made to obtain blood samples.
Future research needs
The use of partial vacuum tubes provides a potential solution for significantly reducing hemolysis in the ED that requires no behavioral changes on the part of ED medical staff, and does not appear to place an economic burden on the hospital (personal communication with company field representative). Additional studies are needed to provide more evidence of practice effectiveness.
In addition, some ED nurses (personal communication with ED nurses and supervisors) believe that using IV starts for phlebotomy may cause IV lines to clog and report that patients often need new IV lines placed when they get to the wards. This, along with the higher rates of hemolyzed samples, may boost the costs, inconvenience and delay of patient care associated with drawing blood through IV starts. Future studies should include patient follow-up on the ward to evaluate the impact of this ED practice.
Study limitations
A wide variety of practices for drawing blood samples are observed in the ED, largely determined by the personal preference of the ED medical staff person conducting the blood draw. Many of the studies summarized in this review controlled for one or two variations in those practices and allowed the others to vary without evaluation. However, their conclusions attributed all the variation in hemolysis to the practice of interest. To the extent practices are unrelated, differences in concurrent practices may increase error variation in outcome estimates. Error variance increases cross-study heterogeneity and reduces confidence in the grand mean estimated for the practice, but does not fundamentally bias the overall estimate of effectiveness for the practice. However, to the extent these practices are related, this error variance creates a bias that can systematically inflate or deflate the practice effectiveness estimate. This was considered in our evaluation of these practices. In addition, hemolysis may not be solely the result of pre-analytic practices. As Lippi and colleagues have observed [10] , improper centrifugation, delayed separation of specimens, and re-spinning of tubes with gel separators may each contribute to specimen hemolysis, albeit at considerably lower rates than pre-analytic collection and transport practices.
While the LMBP systematic review methods are consistent with practice standards for systematic reviews [22] , there still remains a measure of subjectivity in evaluating studies. Bias may be subtly introduced even when consensus is used to establish relevant outcome measures and effect size rating categories (e.g., "substantial," "moderate," "minimal/none"). Other factors, such as the experience and academic disciplines of the raters, and the criteria for study inclusion/ exclusion may also influence findings. The restriction to English language studies (at least for an abstract) to satisfy the requirement of multiple reviewers for each study may also introduce bias. Most of the evidence for this review is from quality improvement studies, thus the primary data are limited to a single institution and site-specific differences may impact study results and conclusions. Despite this variation among institutions, the recommended practices had consistently favorable results.
Conclusions and best practices recommendations
Use of straight needles for venipuncture is effective in reducing hemolysis in the ED and is recommended by LMBP as an "evidence-based best practice." This recommendation is on the basis of six "good" and five "fair" studies conducted in the ED that examined the effectiveness of using straight needles and consistently found "substantial" reductions in the rates of hemolyzed samples from straight needle venipuncture relative to using IV starts as a source for blood samples.
While the use of IV starts for collecting blood samples in the ED is associated with increased hemolysis and should be avoided, it is assumed that this common practice may continue for some time. Indeed, the "Infusion Nursing Standards of Practice," published in a supplement to the January/February 2011 issue of the Journal of Infusion Nursing, discusses phlebotomy using vascular access devices including several warnings [25] .
Evidence exists for practices that can improve hemolysis results when IV starts are used. Four studies, three rated "good" and one rated "fair" examined the effectiveness of drawing blood from an IV start placed at the antecubital site rather than a more distal site. Each of these studies reported "substantial" reductions in hemolysis when drawn from an antecubital site relative to a more distal site. Thus, when the decision to use an IV start for collecting blood samples in the ED has been made, then the use of antecubital sites is recommended by LMBP as an evidence-based best practice to reduce the rates of hemolyzed samples.
In addition, consistent and "substantial" reduction in hemolysis was observed in the two studies contrasting the effectiveness of low vacuum tubes in reducing hemolysis relative to regular vacuum tubes in the ED. However, with only one "good" and one "fair" study providing evidence for the effectiveness for this practice, the overall strength of evidence for this practice is only "suggestive". Given tubes of the same size, a partial vacuum tube collects less blood than a full vacuum tube and this has been reported as an advantage when multiple draws are necessary, especially with pediatric patients.
Two practices, use of ≤ 21 gauge syringes (compared with >21 gauge syringes) and use of a syringe (rather than a vacuum tube) when collecting blood from an IV start, had "insufficient" overall strength of evidence of effectiveness for reducing hemolyzed samples in the ED.
Human subjects protection
No human subjects research was conducted for the purposes of the findings reported here. 
Definitions
Antecubital fossa: the triangular cavity of the elbow that contains a tendon of the biceps, the median nerve, and the brachial artery. It is the region from which peripheral blood is commonly drawn because superficial veins cross through it. Table 5 Low (partial) vacuum tube vs. regular (full) vacuum tube (IV starts only).
Study
Study quality rating Effect size rating Gray literature: literature produced at all levels of government, academics, business and industry in print and electronic formats, but is not controlled by commercial publishers.
Hemolysis: the rupturing of erythrocytes (red blood cells) and the release of their contents (hemoglobin) into surrounding fluid (e.g., blood plasma).
IV start: a successful initiation of a peripheral intravenous line.
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Embase -Results/conclusion biases: (0) Well controlled experiment focused only on tube vacuum level for IV draws -shows lower hemolysis with lower vacuum. Problem with spoiled or missing samples (11% of total) -too high to go unexplained. Fortunately, the low % hemolysis among partial vacuum tube pairs (1.3% of 75) can only be explained if no more than one of these tube pairs was correct if no more than one tube pair were excluded (i.e.1/73 is 1.4%). -Design: (0) Cross-Sectional Observational -Facility/setting: (0) 60-bed ED -very busy -draws -Description: (0) Phlebotomist draw (usually straight needle venipuncture at antecubital site) -located in ED, also has draw room for patients waiting to be triaged. ED Patients requiring both an IV and blood draw for complete blood cell counts (CBC) or electrolyte levels. Two randomly assigned groups for blood draw through A) IV (14-24 gauge) with a 12 mL syringe (N = 87) or B) a separate venipuncture with 21-gauge needle and vacuum tube (N = 78 -note, originally 85, but 7 failed to obtain blood -no reason given).
-Comparator: (0) 1) IV start (w syringe) vs. straight needle (w vacuum tube ) 2) For IV start: ≤21 vs >21 gauge catheter -Study bias: (1) Lopsided loss of subjects may reflect bias on part of nurses -otherwise difficult to explain. No control for location of draw.
gauge needle and vacuum tube.
-IV gauge: Note -Not controlled for location of draw 7 experienced ED nurses were responsible for patient selection. Chi-square using SPSS.
-Results/conclusion biases: (0) Semi-controlled randomized cross over experiment was well reported. Main problem is that cross-over design did not have enough time to work. This should have been discussed in more detail. Also, while use of pneumatic tube was specified in the protocol, the discussion seemed to suggest that it was not controlled for. -Description: (0) Hemolysis determined by both visual and calibrated automatic photometric reader (detection limit of 0.05 g/l of plasma). Hemolysis status of patient determined by the tube used for electrolytes and enzymes -tests most sensitive to hemolysis. -Recording method: (0) Data collected on randomization form which was sent to lab with sample. Lab blinded to status. -Description: (0) Removal of syringes from ED forcing exclusive use of vacuum tubes.
-Duration: (0) A) one day -6/13/11 B) Training completed 6/13/11. Observed for 10 days C1) Syringes removed 7/14/11. Observed for 10 days. C2) 1.5 months laterobserved for 10 days -Training: (0) One day (6/13/11) -Staff/other resources: (0) Minimal.
-Cost: (0) Minimal.
-Description: (0) Hemolysis measured on all potassium samples using an automated analyzer. H index of ≥3 were considered hemolyzed.
-Recording method: (0) Laboratory electronic information system results reviewed for relevant dates. (continued)
